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Abstract:  The deep groundwater (>250-300 m) in the Bengal Delta has strategic value for water supply, health and economic 
development of Bangladesh. However, there is high vulnerability to salinization in deep groundwater in the coastal 
belt and the excessive abstraction may pose a threat to the quality of this deep water. For the sustainable development 
and management of this resource assessing the pumping rate, influence of pumping on groundwater flow pattern, 
quality i.e. saline water encroachment etc. are required. In the coastal Delta hydrogeology is very complex and 
aquifer-aquitard alternation is highly variable even within a short distance. Aquifer pumping tests were conducted at 
eleven locations in the south-west of Bengal Delta in order to determine the hydraulic properties of deep aquifers. 
Different methods were used to analyze aquifer test data considering aquifers as confined or leaky confined in nature. 
The studied deep aquifers are found moderate to high potential for groundwater abstraction. However, the recharge 
rate may not be sufficient enough for large-scale abstraction. On the other hand, if there is no significant aquitard 
encountered above and below the deep aquifer, the deep fresh water may not be safe for a longer period of time where 
upper or lower aquifer units contain saline groundwater. Therefore, the sustainable usage of the vulnerable deep fresh 
water resource in the saline prone coastal aquifers must be based on detailed knowledge and monitoring of the 
hydrogeological system. 
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1. INTRODUCTION 

In the coastal belt of the Bengal Delta, Bangladesh, drinking water is mainly derived from deep 
wells and surface water, while irrigation is limited to surface water bodies due to salinity and 
arsenic contamination problems in the upper aquifers (Zahid et al. 2009, 2013 and many others). 
There is high vulnerability to salinization due to pumping-induced mixing of pre-existing fresh and 
saline groundwater. Pumping fresh groundwater that overlies, or is adjacent to saline groundwater, 
can rapidly degrade groundwater quality within the aquifer. Extensive and prolonged flooding of 
saltwater and intensive exploitation of groundwater for irrigation influence the salinization 
processes that also changes flow dynamics between saltwater and groundwater. This problem could 
be accelerated by induction of paleo-saline groundwater, and upconing from regional and 
intermediate groundwater flow systems and shrimp farming. In addition, rising sea levels would 
cause the tidal saltwater wedge to intrude further upstream in rivers, with resulting changes in 
salinity affecting coastal aquifers.  

The southern Delta plain of Bangladesh under the Ganges-Brahmaputra-Meghna Delta complex, 
that covers about 30% of country’s land area, dominates the study area. The elevation of the Delta 
is about 1 to 2 m in the south. Holocene or Recent sediments of few hundreds to thousands of 
meters cover the flood plains and the Delta. Deep groundwater (>250-300 m) has strategic value for 
water supply, health and economic development. However, the excessive abstraction may pose a 
threat to the water level and quality of this deep groundwater. In the coastal belt of the country 
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where availability of fresh and safe water is a big problem, assessment and monitoring of deep fresh 
groundwater security is of utmost important. There is little evidence of modern recharge or 
widespread downward movement of shallow groundwater into this deeper aquifer. The deeper 
groundwater is not subject to recent recharge due to the low vertical permeability (Zahid et al. 2015; 
Hoque and Burgess 2012; Michael and Voss 2009). Groundwater from the deep aquifer is dated as 
about 3,000 to 20,000 years old (Aggarwal et al. 2000; Zahid et al. 2015). Therefore, given the 
finite nature of this resource effective monitoring is required to manage development, and to ensure 
substantial groundwater abstraction from the deep aquifer for its long-term sustainable use (BGS 
2015; Ravenscroft et al. 2013). Emphasize must be given to analyze its critical condition, i.e., 
determining the pumping rate at which the cone will become unstable, as well as determining the 
accompanying critical rise, or the height to which the cone will rise below the pumping well before 
incipient instability occurs (Bower et al. 1999). The effective and scientific groundwater 
management requires accurate groundwater resources evaluation which relies on accurate 
estimation of hydrogeological parameters (Li and Qian 2012). The transmissivity (T) and storage 
coefficient (S) are important properties of aquifer sediments that control groundwater flow in 
aquifers and are very valuable for groundwater development and management (Gates et al. 2011). 
In the present study, aquifer pumping tests were performed in the western and central part of the 
Bengal Delta to determine the properties of deep aquifer sediment (>250 to 350 m depth) to realize 
the storage and movement of groundwater (Figure 1). This will also support to perform water 
budget analysis and water audit (Charalambous and Hamilton 2011) for sustainable development 
of the scarce fresh water resource in the area. 

 

Figure 1. Location map of the deep aquifer pump test sites. 

2. METHODS 

Total eleven of 38 to 72 hours constant discharge aquifer pumping tests were performed to 
determine the characteristics of deep aquifer in the coastal Delta. Both the early and late time 
drawdown data were analyzed for the estimation of hydraulic properties. The early-time drawdown 
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data yield variable T values because of inadequate vertical control during the curve matching 
procedure and analysis of late-time drawdown data will yield fairly consistent estimates of average 
T for the volume of aquifer stressed during an aquifer test (Osiensky et al. 2000). The early-time 
portion of a drawdown curve would reflect the average or effective local conditions near the well, 
while the late-time portion of a drawdown curve reflects more regional average or effective 
conditions (Bibby 1979).  

2.1 Field setup of the aquifer pump tests 

In coastal and alluvial environments as like as the Bengal Delta, due to varying patterns of 
deposition, the sediments range from very coarse channel fill to silty deposits, therefore, aquifer 
properties are heterogeneous and anisotropic (Gates et al. 2011). In designing the aquifer pumping 
test and depth of the production as well as piezometric observation wells, a general background of 
the geology, lithologic conditions and groundwater chemistry were considered. General geologic 
information was obtained from the available borehole lithologic logs and wells drilled in the area 
(BWDB 2013). Lithologic logs of drilled wells were considered to design deep production wells 
with the strainer depths between 210 and 307 m below ground level. The diameter of the production 
wells was considered as 102 mm with the housing pipe diameter of 306 mm. To monitor the 
response of pumping i.e. to measure drawdown, observation wells were installed both in the 
pumping deep aquifer and aquifer units above it. The distance of observation wells from the 
pumping well were determined based on the hydrogeological conditions and the rate and time of 
pumping. As delayed yield is expected in the time of drawdown response curve, an observation well 
close enough to the pumping well was also installed to observe this. The distance of the observation 
wells used for analysis were placed between 9 and 87 m away from the pumping wells for different 
aquifer tests. Information on aquifer pump tests setup has been provided in Table 1. For the 
completed aquifer pump tests under the study, manual measurements were taken using water level 
meters. Transducers were also installed to read drawdown data at every 30 seconds. 

As salinity is a major problem in study area and occurs at different depth levels, low to medium 
well discharge with the ranges of 21 to 48 m3/hour were considered for different locations and 
response of salinity trend to pumping was also monitored during the tests. The static water table just 
before the pump started, pumping rate, dynamic groundwater level (drawdown) at selected intervals 
of time during pumping period and time the pump stopped were measured and recorded. Lithologic 
cross-sections are prepared for each site (Figure 3) and seasonal groundwater table data of the 
nested observation wells are presented as hydrographs (Figure 4) to evaluate the hydraulic 
connectivity between different aquifer units including pumping deep aquifers. 

2.2 Analysis of drawdown data 

Amongst different analytical methods, it is important to select a numerical solution which is 
more appropriate to actual field conditions. Continual efforts have been made for the development 
of simple methods to characterize porous media since Theis (1935) and Cooper and Jacob (1946) 
proposed their methods (Straface 2009). The Theis solution (Theis 1935) is a commonly used 
analytical solution in aquifer tests for a homogeneous and fully confined aquifer and is derived from 
the equation of unsteady radial, horizontal, groundwater flow. As the aquifer becomes stressed and 
the head lowers in the pumping well in all conducted aquifer tests under the study, the head change 
stimulates possibility of leakage from above and below to act as recharge to the system.  

In many aquifer tests, water is contributed from the less permeable confining units, in addition to 
the aquifer that is pumped (Halford and Kuniansky, 2002). Hantush and Jacob (1955) presented a 
solution for drawdown in a pumped aquifer that has an impermeable base and a leaky confining unit 
above. The Hantush-Jacob (1955) solution for a leaky confined aquifer has been considered to be 
the best choices for many of the studied aquifers, like at Khulna city, Rupsha, Bagerhat, Dumki and 
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Muladi sites. If there is storage in the confining layer, the rate of drawdown is slower than that in 
the case where there is no storage in the confining layer (Hantush, 1960). During the early time of 
pumpage, water is coming out of storage from the pumped aquifer and the leaky confining unit. 
Eventually, the discharge comes into equilibrium with the leakage through the confining unit from 
the unstressed water-table aquifer and the system is at steady-state. 

 
Table 1. Constant discharge aquifer pump test information 

ID Location 

Extension 
of Deep 
Aquifer 

(m) 

Depth of 
Pumping 
Well (m) 

Strainer 
Position 

of 
Pumping 
Well (m) 

Duration 
of 

Aquifer 
Pump 
Test 

(Hour) 

Discharge 
(m3/hour) 

Distance of 
Observation 
Well from 
Pumping 
Well (m) 

Strainer 
Position of 

Observation 
Well (m) 

Ground-
water Table 

before 
Pumping 

(m) 

Ground-
water 
Table 
after 

Pump 
Switched
-off (m) 

Recovery 
Time 

(Hour) 

Tidal Delta 

KHKHOW-03 
Khulna 
City, 
Khulna 

149.39-
274.39 268.29 231.70-

262.19 48 21.6 25.44 259.14-
268.29 7.48 7.385 18 min 

KHRSOW-04 Rupsha, 
Khulna 

76.21-
280.48 280.49 231.70-

262.19 48 34.66 38 246.95-
256.09 3.06 3.74 9+ 

KHRSOW-05 Rupsha, 
Khulna 

76.21-
274.39 280.49 231.70-

262.19 48 34.66 46 263.71-
272.86 2.52 3.235 9+ 

BABAOW-03 Bagerhat 
Sadar 

253.05-
304.88 278 243.90-

274.39 54 35.68 27.2 271.34-
277.43 2.05 2.37 6.5 

BNBNOW-04 Barguna 
Town 

253.04-
268.29 300 259.14-

277.43 42 30.58 20 254.57-
263.71 6.36 6.79 - 

BNBNOW-05 Barguna 
Town 

253.05-
277.44 300 259.14-

277.43 42 30.58 69 269-
278.14 6.48 6.76 - 

BNAMOW-03 Amtali, 
Barguna 

265.24-
289.63 299 262.19-

292.68 72 48.92 9.14 280.48-
286.58 3.73 4.57 6.5+ 

PKGCOW-05 Golachipa, 
Patuakhali 

317.07-
329.26 260 210.365

- 240.85 48 38.73 32.7 321.64-
327.74 2.63 3.175 2+ 

PKDMOW-05 Dumki, 
Patuakhali 

295.73-
314.02 311 292.68-

307.92 71 35.68 27.4 307.92-
314.02 1.98 2.55 9+ 

PKDMOW-04 Dumki, 
Patuakhali 

301.82-
310.97 311 292.68-

307.92 71 35.68 61 303.35-
309.45 1.95 2.44 9+ 

JHJHOW-05 Jhalokathi 
Sadar 

250-
304.87 295 258.53-

289.02 72 42.11 23.9 294.20-
303.35 3.47 3.79 26+ 

JHJHOW-04 Jhalokathi 
Sadar 

250-
323.17 295 258.53-

289.02 72 42.11 82.1 254.57-
260.67 3.78 4 26+ 

Active Delta 

NRNROW-05 Narail 
Sadar 244-308 310.98 270- 

300 70 34.66 31 289-
298.146 2.45 2.645 5+ 

NRNROW-04 Narail 
Sadar 244-308 310.98 270- 

300 70 34.66 87 278-
287.146 2.92 3.08 5+ 

BSMLOW-04 Muladi, 
Barisal 

256.09-
277.43 284 250-

274.39 50 36.7 20.85 268.29-
274.39 2.89 2.73 2+ 

BSMLOW-05 Muladi, 
Barisal 

256.09-
277.43 284 250-

274.39 38 36.7 45.25 268.29-
274.39 2.82 3.13 2+ 

Inactive Delta 

JEKPOW-4 Keshobpur, 
Jessore 

274.5-
289.5 300 274.39-

289.63 36 35.67 28 283.53-
292.68 2.955 2.95 - 

 
As the studied aquifers are situated in the coastal belt, tidal influence on water level is very 

prominent and during the later part of the pumping tests water level showed very irregular pattern 
with fluctuations due to loading effect of high and low tides in all aquifers down to the investigated 
deep aquifers (Figure 2). This is consistent with the analysis of observation well drawdown data by 
the Cooper and Jacob (1946) method yields good approximations of effective T when constrained to 
late-time data (Meier et al. 1998). The Cooper-Jacob and Jacob methods are valid where the time (t) 
is sufficiently large or radial distance (r) is sufficiently small which is common for all sites.  

The analysis of recovery data involves the measurement of the rise in water levels, following the 
cessation of a period of pumping at a constant rate. The analytical method is based on the Theis 
theory and applies to confined aquifers with fully penetrating wells. The method relies on the theory 
of superposition in that the water level rise after the test is assumed to be the combined response to 
an imaginary well recharging the aquifer and continued pumping. Some aquifers in the study area 
are so thick that it is not justified to install a fully penetrating well except Barguna town, Golachipa, 
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Narail and Keshobpur though the extension of upper and lower aquitards of these aquifers are also 
not known. Instead, the aquifer has to be pumped by a partially penetrating well, because partial 
penetration induces vertical flow components around the vicinity of the well. When the well 
partially penetrates the aquifer, like in most of the studied aquifers, the flow paths have a vertical 
component. The flow paths are, therefore, longer and converge on a shorter well screen, resulting in 
an increase in head loss (Driscoll 1995). However, in most cases observation wells for pumping 
tests were placed far enough away from the pumping well to avoid partial penetration effects.  

 

Figure 2. Example of analytical line from aquifer pump test influenced by the loading effect of sediments due to diurnal 
tidal changes. 

3. RESULTS AND DISCUSSION 

3.1 Khulna City, Khulna 

Two aquifers have been identified at Khulna city till investigated depth of 325 m, separated by a 
20 to 50 m thick clay and silty clay aquitard (Figure 3). An upper clay aquitard exists at the surface 
with the thickness of about 20-35 m. The deeper or 2nd aquifer is encountered between depths of 
150 and 270 m below the surface consisting of very fine to fine gray sand underlain by gray clay 
aquitard till the investigated depth. The groundwater level of three observation wells with depths of 
61 (PZ-1), 165 (PZ-2) and 271 (PZ-3) m respectively, has been monitored at this location (Figure 
4). The seasonal fluctuation of water levels were measured between 2.0 and 2.2 m. Minimum and 
maximum depth to the groundwater level from ground surface was observed as 3.1, 5.4 and 5.4 m 
and 5.1, 7.6 and 7.6 m respectively for PZ-1, PZ-2 and PZ-3. The groundwater in the deeper aquifer 
shows lower head than that of the upper aquifer with the difference of about 2 m, which is mostly 
due to the urban abstraction of water from the deeper aquifer.  

Initial i.e. static water level before pump started was measured as 7.4 m and maximum 
drawdown was as 10.96 m in the pumping well during aquifer pumping test. Total drawdown in 
OW-3 (PZ-3) was recorded as 0.1 m. No response i.e. drawdown was observed in water level in the 
upper aquifer above the aquitard. Estimated T varies from 718.59 to 2672 m2/day and S from 
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0.0328848 to 0.00943783 using different methods for the data of OW-3 (Table 2). Based on the 
lithology, if the aquifer is considered as leaky confined, Hantush method may be the best solution 
which gives the values of T and S as 852.43 m2/day and 0.009438 respectively. Using Theis method 
for recovery data, T was estimated as 2672 m2/day.  

3.2 Rupsha, Khulna 

At Rupsha upazila, Khulna the aquifer is encountered from the surface till 280 m depth and is 
underlain by clay aquitard down to the investigated depth of 335 m (Figure-3). The upper part of the 
aquifer consists of very fine gray sand and the lower part is dominated by gray fine sand, in places 
interbedded with silty clay lenses. The groundwater level of four piezometers having depths of 27 
(PZ-1), 107 (PZ-2), 195 (PZ-3) and 264 (PZ-4) m respectively, has been monitored (Figure-4). The 
fluctuations of water level were recorded between 2.0 and 4.2 m. Minimum and maximum depth of 
groundwater level from ground surface was observed as 0.6, 1.2, 1.3 and 1.3 m and 4.4, 5.6, 4.9 and 
3.3 m respectively for PZ-1, PZ-2, PZ-3 and PZ-4.  

In the pumping well, initial i.e. static water level before pump started was measured as 2.5 m and 
maximum drawdown was as 11 m. Total drawdown in OW-4 (PZ-4) and OW-5 (PZ-5) were 
recorded as 0.68 and 0.71 m respectively. No response was observed in water levels of the upper 
piezometers. Estimated T varies from 427.46 to 958.85 m2/day and S from 0.00001 to 0.000633 
using different methods (Table 2). Based on the lithology, if the aquifer is considered as leaky 
confined, Hantush method may be the best solution which gives the values of T and S as 482.13 and 
638.41 m2/day and 0.000633 and 0.000195 respectively for OW-4 and OW-5. Using Theis method 
for recovery data, T was estimated as 447.3 and 759.1 m2/day for OW-4 and OW-5 respectively.  

3.3 CNDB Bazar, Bagerhat 

At the CNDB Bazar of Bagerhat two aquifers have been identified down to the depth of 310 m. 
The upper or 1st aquifer is encountered between depths of 18 and 208 m consisting of gray to brown 
very fine to fine sand overlain by a clay aquitard (Figure-3). The 2nd or deeper aquifer is 
encountered at depth 220 to 305 m, consists of gray fine sand and is separated from the upper 
aquifer by gray silty clay aquitard. This deep aquifer unit is underlain by clay aquitard till 
investigated depth. The groundwater level of two observation wells with depths of 241 (PZ-2) and 
280 (PZ-3) m respectively has been monitored at this location (Figure 4). Post monsoonal 
groundwater level data of the nested piezometers show that minimum depth to the groundwater 
level was observed as 1.59 and 1.56 m respectively for PZ-2 and PZ-3.  

Initial water level before pumping was measured as 1.42 m and maximum drawdown as 10.2 m 
in the production well. Total drawdown in OW-2 (PZ-2) was recorded as 0.32 m. Estimated T value 
varies from 1435.89 to 1663.74 m2/day and S from 0.000538 to 0.002094 using different methods 
(Table 2). Based on the lithology, if the aquifer is considered as leaky confined, Hantush method 
may be the best solution which gives the values of T and S as 1598.33 m2/day and 0.002094 
respectively for OW-2. Using Theis method for recovery data, T was estimated as 1465.8 m2/day.  

3.4 Barguna Town, Barguna 

At BWDB compound, Barguna town, amongst five piezometers, four with the depths of 21 (PZ-
1), 86 (PZ-2), 182 (PZ-3) and 280 (PZ-4) have been selected for monitoring of water level (Figure 
4). Two aquifers have been identified in the area separated by about 50 m thick clay aquitard 
(Figure-3). The upper or 1st aquifer extends down to 190 m depth below surface overlain by a 2-8 m 
thin silty clay layer and consists of stratified layers of sand, silt and clay. The deeper or 2nd aquifer 
is encountered between 253 and 280 m, dominated by gray coarse sand and underlain by clay layer 
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down to the drilled depth of 300 m. The seasonal fluctuations of water level were recorded between 
0.9 and 2.1 m. Minimum and maximum depth to groundwater level were observed as 0.56, 0.89, 
0.96 and 7.64 m and 1.5, 2.35, 1.39 and 9.74 m respectively for PZ-1, PZ-2, PZ-3 and PZ-4.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 

Figure 3. Lithologic cross sections of the study sites with aquifer pump test layout plans. 
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Figure 4. Groundwater level hydrographs of nested observation wells installed at different depth levels in the study 
sites. 

Initial water level in pumping well was measured 6.85 m before pump started and maximum 
drawdown was recorded as 7.03 m. Total drawdown in OW-4 (PZ-4) and OW-5 (PZ-5) were 
recorded as 0.43 and 0.28 m respectively. No drawdown was observed in water level in the upper 
piezometers. Estimated T varies from 641.957 to 916.24 m2/day for OW-4 and 862.87 to 947.32 
m2/day for OW-5 and S from 0.000181 to 0.00044 for OW-4 and 0.000115 to 0.000158 for OW-5 
using different methods (Table 2). Based on the lithology, if the aquifer is considered as confined, 
Cooper and Jacob method may be the best solution which gives the values of T and S as 686.12 and 
947.32 m2/day and 0.00044 and 0.000115 respectively for OW-4 and OW-5.  

                           Active Delta                                      Inactive Delta 

Tidal Delta 
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Table 2. Hydraulic properties of deep aquifer sediment based on aquifer pump test analysis 

ID 

Transmissivity (m2/day) Storage Coefficient 
Cooper 

and 
Jacob 
(m2/d) 

Theis 
(Confined) 

(m2/d) 

Hautush 
(Confined) 

(m2/d) 

Hantush 
(leaky-

Confined) 
(m2/d) 

Hantush 
(leaky 

aquifer) 
(m2/d) 

Theis 
(Recovery) 

(m2/d) 

Average 
(m2/d) 

Cooper 
and  

Jacob 

Theis 
(Confined) 

Hautush 
(Confined) 

Hautush 
(leaky-

Confined) 

Hautush 
(leaky 

aquifer) 
Average 

Tidal Delta 
KHKHOW-
03 825.43 828.66 828.66 852.43 718.59 2672 1120.96 0.027316 0.032095 0.009818 0.009438 0.032884 0.022310 

KHRSOW- 
05 958.85 678.00 651.35 638.41 678.00 759.1 727.28 0.000010 0.000093 0.000363 0.000195 0.000080 0.000148 

KHRSOW- 
04 811.65 427.46 705.75 482.13 472.55 447.3 557.81 0.000063 0.000461 0.000500 0.000633 0.000426 0.000417 

BABAOW-
03 1435.89 1663.74 1630.7 1598.33 1566.59 1465.8 1560.17 0.001016 0.000538 0.001757 0.002094 0.000738 0.001229 

BNBNOW-
04                                         686.12 916.24 823.31 858.33 641.95 - 785.19 0.000440 0.000196 0.000250 0.000181 0.000350 0.000283 

BNBNOW- 
5    947.32 862.87 930.02 930.02 893.46 - 912.74 0.000115 0.000127 0.000158 0.000130 0.000129 0.000132 

BNAMOW-
03 683.50 553.49 685.54 586.36 641.95 1028 696.47 0.003718 0.005617 0.003011 0.002924 0.001183 0.003290 

PKGCOW- 
05 1004.99 796.63 769.66 954.71 826.45 1358.9 951.89 0.000434 0.000411 0.001809 0.000123 0.000141 0.000584 

PKDMOW-
05 1400.04 1175.66 2233.58 1408.23 1063.49 1341 1437 0.000061 0.000177 0.001980 0.000364 0.000229 0.000562 

PKDMOW-
04 1496.8 1068.76 770.13 1061.61 1116.53 1552.9 1177.78 0.000020 0.000052 0.000185 0.000084 0.000206 0.000110 

JHJHOW- 
05 2120.47 2114.39 2200.93 2157.23 1730.16 2977.2 2216.73 0.000567 0.000478 0.000428 0.000510 0.000817 0.000560 

JHJHOW- 
04 2412.01 2052.46 2094.44 1912.65 2007.71 2723.8 2200.51 0.000425 0.000658 0.000624 0.000699 0.000563 0.000594 

Active Delta 
NRNROW-
05 2671.08 2616.07 2873.11 2873.11 3113.1 2985.2 2855.27 0.002708 0.002336 0.002347 0.002145 0.001352 0.002178 

NRNROW-
04 2877.7 2873.11 3051.28 2990.7 2990.7 - 2956.69 0.006947 0.005055 0.008059 0.007899 0.005262 0.006644 

BSMLOW-
04 740.60 708.81 759.56 698.12 816.63 1495.9 869.93 0.000551 0.000570 0.000981 0.001322 0.000509 0.000786 

BSMLOW-
05 1175.56 985.69 1091.19 1063.8 985.69 - 1060.38 0.000360 0.000496 0.000429 0.000410 0.000478 0.000435 

Inactive Delta 
JEKPOW- 
4 444.7 438.1 - 231.6 - - 371.46 0.0001098 0.0006072 - 0.000498 - 0.000405 

3.5 Amtali, Barguna 

At Amtali, Barguna, three aquifers have been identified down to the investigated depth of 335 
m. The upper clay and silty clay layer occur from the surface down to the depth of 110 m which is 
gray and light brown in color. Underlying the 2nd aquifer the 3rd or deep aquifer is encountered that 
is separated from the overlying aquifer by thin silty clay or clay layers of varied thickness. The deep 
aquifer consists of gray, fine sand and occurs at depths ranging from 325 m to the investigated 
depth of 335 m. Groundwater level of four observation wells, having the depth of 67 (PZ-1), 128 
(PZ-2), 299 (PZ-3) and 336 (PZ-4) m has been monitored. The fluctuations of water level in 
piezometers were recorded between 0.7 and 1.3 m. Minimum and maximum depth to groundwater 
level from ground surface was observed as 1.2, 2.2 and 3.3 m and 1.9, 3.0 and 4.2 m respectively 
for PZ-2, PZ-3 and PZ-4.  

Static water level before pump started was recorded as 4.1 m and maximum drawdown as 12.85 
m in the pumping well. Total drawdown in OW-3 (PZ-3) was recorded as 0.13 m. Estimated T 
value varies from 553.49 to 1043.3 m2/day and S from 0.005617 to 0.003011 using different 
methods (Table 2). Based on the lithology, if the aquifer is considered as confined, Cooper and 
Jacob method may be the best solution which gives the values of T and S as 683.5 m2/day and 
0.003718 respectively. Using Theis method for recovery data, T was estimated as 1028 m2/day.  



38 A. Zahid et al. 

 

3.6 Golachipa, Patuakhali  

At Golachipa, Patuakhali the aquifer system can be divided into four units till drilled depth of 
330 m, those are separated by aquitards. The 1st or upper aquifer is overlain by 2-3 m thick brown 
clay layer. The 3rd aquifer is encountered at depth from 205 to 240 m, consists of fine to very fine 
gray sand. About 45 m thick clay and silty clay aquitard is encountered between the 3rd and 4th 
aquifers. The 4th aquifer extends from 285 to the investigated depth of 330 m, consists of gray very 
fine and fine sand. Groundwater level of four observation wells, having the depth of 24 (PZ-1), 91 
(PZ-2), 180 (PZ-3) and 242 (PZ-4) m has been monitored at Golachipa. The fluctuations of water 
level were estimated between 0.2 and 1.3 m. Minimum and maximum depth to water level was 
observed as 1.3, 1.7, 1.2 and 1.3 m and 2.6, 2.1, 1.5 and 1.7 m for PZ-1, PZ-2, PZ-3 and PZ-4 
respectively.  

Static water level before pump started was recorded as 2.66 m and maximum drawdown as 6.63 
m in the pumping well. Total drawdown in OW-4 (PZ-4) was recorded as 0.54 m. Estimated T 
values vary from 769.664 to 1004.99 m2/day and S from 0.00180929 to 0.000434272 using 
different methods (Table 2). Based on lithology, if the aquifer is considered as confined, Cooper 
and Jacob method may be the best solution which gives the values of T and S as 1004.99 m2/day 
and 0.000434 respectively. Using Theis method for recovery data, T was estimated as 1358.9 
m2/day.  

3.7 Dhumki, Patuakhali  

The aquifer system down to 315 m depth at Patuakhali University compound, Dumki is very 
complex, however, can be divided into four aquifer units separated by clay and silty clay aquitards. 
The upper or 1st aquifer is overlain by a clay and silt layer of up to 60 m thick. The deep or 4th 
aquifer consists of very fine sand having 15-20 m thick and underlain by clay aquitard till 
investigated depth. Groundwater level of four observation wells having the depth of 34 (PZ-1), 91 
(PZ-2), 201 (PZ-3) and 314 (PZ-4) m respectively, has been monitored. The fluctuations of water 
level were estimated between 0.5 and 1.2 m. Minimum and maximum depth to water level was 
observed as 0.3, 0.2, 0.2 and 1.7 m and 1.5, 1.7, 1.7 and 2.2 m respectively for PZ-1, PZ-2, PZ-3 
and PZ-4.  

In the pumping well, initial water level was measured as 1.65 m and maximum drawdown as 
8.43 m. Total drawdown in OW-4 (P-4) and OW-5 PZ-5) were recorded as 0.57 and 0.49 m 
respectively. No response was observed in water level of the upper piezometers during aquifer 
pumping test. Estimated T and S vary from 1063.49 to 2233.58 and 770.13 to 1496.8 m2/day and 
from 0.000061 to 0.001980 and 0.00002 to 0.000206 for OW-4 and OW-5 respectively using 
different methods (Table 2). Based on lithology, if the aquifer is considered as confined, Cooper 
and Jacob method may be the best solution which gives the values of T and S as 1400.04 and 
1496.8 m2/day and 0.000061 and 0.00002 respectively for OW-4 and OW-5.  

3.8 Uttamnagar, Jhalokathi  

Three aquifers have been identified at Uttamnagar, Jhalokathi till investigated depth of 330 m. 
The1st aquifer is overlain by an upper gray to light brown clay and silty clay layer of 40 m thick. 
Underlying the 2nd aquifer, the 3rd or deep aquifer is encountered which is separated from the 
overlying aquifer by silty clay or clay layer of up to 55 m thick. The deep aquifer which consists of 
gray, coarse sand occurs at depths ranging from 225 m to the investigated depth of 330 m. 
Groundwater level of four observation wells having the depths of 26 (PZ-1), 175 (PZ-2), 231(PZ-3) 
and 295 (PZ-4) m respectively, has been monitored. The fluctuation of water level was measured 
between 0.4 and 1.3 m. Minimum and maximum depth to groundwater level was observed as 0.1, 
0.1, 2.9 and 2.3 m and 1.4, 1.4, 3.5 and 3.1 m respectively for PZ-1, PZ-2, PZ-3 and PZ-4. 
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In the pumping well, initial water level before pump started was recorded as 3.17 m and 
maximum drawdown as 13.05 m. Total drawdown in OW-4 (PZ-4) and OW-5 (PZ-5) were 
recorded as 0.32 and 0.22 m respectively. No drawdown was observed in water level of the upper 
piezometers. Estimated T and S vary from 1730.16 to 2200.93 and 1912.65 to 2412.01 m2/day and 
from 0.000478 to 0.000817 and 0.000425 to 0.000699 for OW-4 and OW-5 respectively using 
different methods (Table 2). Based on the lithology, if the aquifer is considered as leaky confined, 
Hantush method may be the best solution which gives the values of T and S as 2157.23 and 1912.65 
m2/day and 0.000510 and 0.000699 respectively for OW-4 and OW-5. Using Theis method for 
recovery data, T was estimated as 2977.2 m2/day for OW-1 and 2723.8 m2/day for OW-2. 

3.9 Narail Sadar, Narail 

At Narail site three aquifers have been identified down to the investigated depth of 320 m. The 
1st or upper shallow aquifer is overlain by discontinuous silty clay layer of 1-2 m thick. The 3rd or 
deep aquifer is encountered between 240 and 310 m depth, consists of fine sand overlain and 
underlain by clay aquitards. Groundwater table of four observation wells having the depths of 61 
(PZ-1), 107 (PZ-2), 155 (PZ-3) and 309 (PZ-4) m has been monitored. The water level fluctuations 
were measured between 4.65 and 7.16 m. Minimum and maximum depth to groundwater level was 
observed as 0.69, 0.61, 0.35 and 0.35 m and 7.11, 7.77, 5.9 and 5.0 m respectively for PZ-1, PZ-2, 
PZ-3 and PZ-4.  

In the pumping well, static water level was 2.71 m and maximum drawdown was recorded as 
10.92 m. Total drawdown in OW-4 (PZ-4) and OW-5 (PZ-5) were recorded as 0.19 and 0.16 m 
respectively. No drawdown was observed in water level of the upper piezometers. Estimated T and 
S vary from 2616.07 to 3113.1 and 2873.11 to 3051.28 m2/day and from 0.001352 to 0.002708 and 
0.005055 to 0.008059 for OW-4 and OW-5 respectively using different methods (Table 2). 
Cosidering lithology, if the aquifer is leaky confined, Hantush method may be the best solution 
which gives the values of T and S as 2873.11 and 2990.7 m2/day and 0.002145 and 0.007899 
respectively for OW-4 and OW-5. Using Theis method for recovery data, T was estimated as 
2985.2 m2/day for OW-4.  

3.10 Muladi, Barisal  

Three aquifers have been detected at Muladi, Barisal down to 320 m depth separated by 10 to 50 
m thick gray clay and/or silty clay aquitards. The shallow or 1st aquifer, consists of very fine sand 
extends down to 40 m depth underlain by 50 m thick silty clay aquitard. The 3rd or deep aquifer is 
encountered from 290 m to the depth of 320 m and is dominated by gray fine sand. Groundwater 
level of four observation wells having the depth of 105 (PZ-1), 151 (PZ-2), 236 (PZ-3) and 291 
(PZ-4) m has been monitored. The seasonal fluctuations of water level were between 0.9 and 2.4 m. 
Minimum and maximum depth to groundwater level was observed as 0.8 and 3.2 m respectively for 
PZ-1, PZ-2 and PZ-3. Minimum and maximum depth to water level for PZ-4 was measured as 2.1 
and 3.2 m respectively. The deepest piezometer i.e. PZ-4 seems separated from upper aquifers 
overlain by clay aquitard.  

In the pumping well, static water level was 2.48 m and maximum drawdown was recorded as 
11.5 m. Total drawdown in OW-5 (PZ-4) was recorded as 0.52 m. No drawdown was observed in 
water level of the upper piezometers. Estimated T and S vary from 698.12 to 816.63 and 985.69 to 
1175.56 m2/day and from 0.000509 to 0.001322 and 0.000360 to 0.000496 for OW-4 and OW-5 
respectively using different methods (Table 2). Based on the lithology, if the aquifer is considered 
as leaky confined, Hantush method may be the best solution which gives the values of T and S as 
698.12 and 1063.8 m2/day and 0.001322 and 0.00041 respectively for OW-4 and OW-5. Using 
Theis method for recovery data, T was estimated as 1495.9 m2/day for OW-4.  
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3.11 Keshobpur, Jessore  

At Keshobpur, Jessore down to the investigated depth of 340 m, two aquifers have been 
encountered with upper aquifer overlain by 30 m thick clay aquitard. The deeper 2nd aquifer having 
thickness of 15 m is encountered between the depths of 285 and 300 m and consists of gray fine 
sand. A 140 m gray clay aquitard overlies the 2nd aquifer that consists of gray fine sand. The lateral 
extension of this aquifer may be limited to few hundred meters. The 2nd aquifer is underlain by clay 
aquitard till the investigated depth of 340 m. Groundwater table of three observation wells having 
the depth of 105 (PZ-1), 140 (PZ-2) and 294 (PZ-3) m has been monitored at Keshobpur. The water 
level fluctuation was observed as 2.5 m in deep aquifer to 8.8 m in upper aquifer. Minimum and 
maximum depth of water level was observed as 1.0, 1.6 and 2.73 m and 6.82, 8.2 and 5.7 m 
respectively for PZ-1, PZ-2 and PZ-3. The deepest piezometer i.e. PZ-3 is separated from the upper 
aquifers by a thick clay layer and seems hydraulically separated from aquifer above. 

In pumping well, static water level was 1.31 m and maximum drawdown was recorded as 11.58 
m. No drawdown was recorded in upper piezometers. Estimated T values vary from 231.6 to 444.7 
m2/day and S from 0.0001098 to 0.000498 using different methods for OW-4 (PZ-4) (Table 2). 
Considering lithology, if the aquifer is confined, Cooper and Jacob method may be the best solution 
which gives the values of T and S as 444.7 m2/day and 0.0001098 respectively.  

4. DISCUSSION 

From the conducted aquifer pumping tests, T of the studied deep aquifers applicable for 
confined, leaky confined or leaky aquifers was calculated between 427.46 and 3051.28 m2/day and 
using recovery data T was calculated between 447.3 and 2985.2 m2/day. Comparatively, low T was 
observed in Rupsha, Barguna and Amtali aquifers with the average values of 447.3-759.1, 785.19-
912.74 and 696.47 m2/day respectively and high T was estimated for Bagerhat, Dumki, Jhalokathi 
and Narail aquifers as 1560, 1177.78-1437, 2200.51-2216.73 and 2855.27-2956.69 m2/day 
respectively. Depends on the accuracy of the graph preparation and subjective judgments in 
matching field data to type curves there is often slight variation in the results (Fetter 1994). Small-
scale variations in the hydraulic conductivity around the wells also cause different T in nearby wells 
(Dykaar and K_itanidis 1993). Transmissivity values from recovery data, in most cases, were 
estimated higher than T values computed from time-drawdown data. Murray and Yosko (2013) 
indicates that recovery data are more reliable for estimating hydraulic properties. Estimated average 
S values, except Khulna aquifer, ranged from 0.00011 to 0.006644, indicate that the aquifer is 
confined to leaky-confined in nature as S for confined aquifer ranges from 0.00001 to 0.001 (Fetter 
1994). In Khulna, S was calculated between 0.009438 and 0.032884, ranges within 0.001 to 0.03 
for leaky-confined or semi-confined aquifers (Weight and Sonderegger 2000).  

The groundwater level declined rapidly at the early stage of pumping, in most cases till 20-300 
minutes. At the middle stage of pumping with the pumping rate of 22–49 m3/hour, water level 
gradually reached to the stable condition till 400-800 minutes when water level started to fluctuate 
with time due to tidal influences. However, at Barguna town, Amtali and Dumki groundwater level 
became stable within 20, 30 and 50 minutes and again started to decline after a stable phase from 70 
to 500, 300 to 600 and 500 to 11000 minutes with the discharge rate of 36, 49 and 36 m3/hour 
respectively. At Muladi, Jhalokathi, Golachipa and Khulna sites decline of groundwater level were 
continued till 400, 300, 300 and 300 minutes with the discharge rate of 37, 42, 39 and 22 m3/hour 
respectively before irregular fluctuation started due to tidal influence. No tidal influence was 
observed at Keshobpur, Narail and Dumki as these sites are far away from the coastline. At 
Bagerhat lowering of water level was continued till end of the test i.e. 2000 minutes with the 
discharge rate of 36 m3/hour. Variations in deep groundwater head in the delta, remote from 
intensive abstraction, are dominated by the elastic response of the aquifer sediments to surface 
water loading and in coastal sites this was dominated by the rhythmic effect of low and high tides 
(BGS 2015).  
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The duration of pumping during aquifer tests were between 36 and 72 hours and drawdown were 
recorded between 0.16 and 0.79 m with more than 0.5 m at Rupsha, Barguna town, Amtoli, 
Golachipa, Dumki, Jhalokathi and Muladi while less than 0.2 m was observed at Narail. The 
duration of pumping and discharge rate, distance of the observation well from the pumping well, 
lithologic condition i.e. position and thickness of the overlying aquitards, aquifer type, source of 
recharged water etc. influenced the rate of drawdown. Hydraulic connections between all layers are 
expected in the test sites, even at depth except Barguna town, Narail and Keshobpur. However, no 
drawdown of water level was observed in the observation wells installed in upper aquifers above 
the clay or silty clay layers. This indicates that with limited and regulated abstraction of 
groundwater from the deep aquifers, salinity will not reach to the fresh deep groundwater aquifers 
except where there is no significant aquitard between pumping and upper contaminated aquifers, 
like at Rupsha. At Rupsha electric conductivity was changed with time during pumping of deep 
water from 566-632 µS/cm from the beginning to 2018 µS/cm after 24 hours (Table 3). In all other 
cases electric conductivity remained almost same even after 72 hours of pumping. However, 
windows could occur in the confined clay and under some conditions could cause saltwater 
intrusion in the pumping well (Cai et al. 2014). The induced leakage from the upper aquifer can 
travel only a few meters into the aquitard, and cannot reach the lower aquifer with limited and 
intermittent abstraction (Chen et al. 2005). Therefore, the aquitards separating the deep aquifer from 
the saline water in upper aquifers in the coastal belt of the Bengal Delta could protect the fresh deep 
groundwater with properly planned and regulated abstraction.  

Model study (Zahid et al. 2015) for the lower delta shows that aquifers are recharged by vertical 
percolation as well as water from long distance travel mainly to deeper aquifers. Huge irrigation and 
other pumping from the upper aquifers also retard vertical percolation in deeper aquifers, resulting 
in increase of travel time in the deep aquifer units. The average travel time of groundwater for the 
deep aquifer at different geologic conditions was estimated between 1,009 and 3,543 years. 
Therefore, large-scale abstraction for irrigation is not recommended.  

 
Table 3. Monitoring of Electric Conductivity (µS/cm) of groundwater in the pumping production wells during aquifer 

pump tests 

Location Time interval (hours) after pumping starts 
0 6 12 18 24 30 36 42 48 54 60 66 72 

Tidal Delta 
Khulna City, 
Khulna 1224 1217 1227 - 1231 1232 1232 - 1236 1239 1241 - - 

Rupsha, 
Khulna 566 676 531 632 2081 - - - - - - - - 

Bagerhat Sadar 1640 1444 1360 1328 1296 1278 1254 - - - - - - 
Barguna Town 1519 1409 1379 1359 1527 1428 1452 1470 1578 - - - - 
Amtali, 
Barguna 928 896 888 883 896 929 934 905 906 944 909 971 921 

Golachipa, 
Potuakhali 820 816 812 813 817 815 819   - - - - 

Golachipa, 
Potuakhali - 821 814 817 820 814 822 815 818 - - - - 

Dumki, 
Potuakhali - 745 750 751 741 749 748 750 746 746 747 742 747 

Jhalokathi 
Sadar 766 840 804 795 802 874 805 802 809 814 789 800 840 

Active Delta 
Narail Sadar 1343 1373 1397           
Muladi, 
Barisal - 987 990 987 997 992 994 993 993 995 991 994 998 

Inactive Delta 
Keshobpur, 
Jessore 2050 2070 - - - 2090 2070 - - - - - - 
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5. SUMMARY 

For the analysis of drawdown data of the Bengal Delta confined and leaky confined aquifers, 
Hantush and Cooper-Jacob methods can be chosen as best methods. Well losses and partial 
penetration have a minimal effect on T values that were estimated using the Cooper-Jacob method. 
Based on the average T of 1380.42 m2/day with the ranges of 557.81 to 2956.69 m2/day for 
different locations, the studied deep aquifers can be considered as moderate to high potential for 
groundwater abstraction. However, water quality and recharge rate to these deep aquifers needs to 
be considered for the withdrawal of groundwater by production wells. Estimated average S values, 
except Khulna aquifer, ranges from 0.00011 to 0.006644, support that the deep aquifers are 
confined to leaky-confined in nature. Moderate abstraction of groundwater for drinking purpose 
having the discharge of 20 to 50 m3/hour of production well can be done from the deep fresh water 
aquifer based on the extent of aquifer, existence of overlying aquitard and properties of aquifer 
sediments. For such a discharge and 12-14 hours/day of abstraction, at least 300 m well spacing 
needs to be maintained. Restriction of number of tubewells is required to avoid interference 
between two adjacent wells and to allow sufficient recharge from surrounding aquifers. Aquifer 
pumping test results also depict that during this discharge rate, saline water from adjacent aquifers 
might not be encroached towards the pumping well. But, if there is no significant aquitard exists 
above or below the deep aquifer, the deep fresh groundwater may not be safe for a longer period of 
time where upper or lower aquifer units contain saline groundwater. For small diameter (33-50 mm) 
wells with hand pumps, no restriction is required. However, irrigation abstraction is not 
recommended with deep groundwater. 

If intensive exploitation in deep aquifers were to continue, the water level would not be restored 
and groundwater quality would become inadequate for uses. To improve deep aquifer management 
programs, it is fundamental to gain more knowledge on their performance. The sustainable usage of 
the vulnerable deep fresh water resource in the saline prone aquifers must be based on detailed 
knowledge and monitoring of the hydrogeological system. 
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